While freight transportation needs are growing, there is a concern that planning tools available today will be insufficient to provide a systemwide view that is needed to examine all modes of transportation, including intermodal. Many existing tools are either mode oriented or too microscopic in scope. No comprehensive tool considers the level of performance of the total system-an important consideration because of the many interdependencies between resources. In some cases, optimizing just a particular component of the transportation network could result in suboptimization of the entire transportation system. A prototype Virtual Intermodal Transportation System (VITS) is presented; it simulates the movement of freight via all modes on a statewide level. Detailed submodels can be designed to enable planners to analyze the overall impact of decisions made on critical transportation resources such as ports and their connectors. The general processes of building the VITS prototype, the results from a hypothetical case study, and potential improvements to the methodology are also discussed.
Since the advent of the Intermodal Surface Transportation Efficiency Act of 1991 and the 1998 Transportation Equity Act for the 21st Century, much effort has been made toward a better understanding of intermodal systems and the related system modeling issues. Many research studies since then have identified a cause for concern in the future of transportation in the United States. Using the southeastern states as an example, one can see that the ever-increasing trade with neighboring Latin American countries as well as global trade can overwhelm the transportation network in the near future. The Latin America Trade and Transportation Study postulates that the Latin American trade coming through the Southeast Transportation Alliance will increase by 300% over the next 20 years (1) .
Independent decisions made concerning these transportation issues may not account for the interactions that will occur in the transportation system on a statewide level. Planning comprehensively by considering the level of performance of the system will require certain tools.
While many transportation planning, modeling, and simulation packages can help evaluate a transportation network and the related infrastructures, there are often deficiencies in most of those tools when it comes to statewide intermodal freight transportation planning. Many transportation analysis packages lack the capability to analyze effectively the means of transportation other than highway systems. In other cases, they are focusing only on particular highway corridors or arterials, or both, for a localized study. In most cases, either the network information for waterways and railways is not readily available, or the software simply does not handle these modes or do mode transfers. This situation limits the ability for a comprehensive statewide freight transportation analysis with consideration for intermodalism. A study conducted by the Texas Public Policy Foundation on freight rail issues stated that decisions concerning rail freight service could significantly affect the number of trucks operating on highways. Policies that encourage the expansion of commuter rail or intercity rail service, for example, do so at the expense of rail freight service. This situation can effectively increase truck traffic, which might cause a disproportionate burden on the urban roadway system (2) . It demonstrates the interaction between modes that should be represented in decision-support tools.
There are numerous research reports on port simulations (3), highway simulation models (4), intermodal terminal issues (5) , traffic flow (6) , transportation performance measures (7, 8) , commodity flow studies and trip generation (9) , and vehicle routing models (10) . What is lacking is a concerted effort to combine the research results into the building of a statewide intermodal freight transportation simulation model.
To address the shortcoming mentioned, a modeling methodology for building discrete-event simulation models for a statewide intermodal freight transportation network, Virtual Intermodal Transportation Simulation (VITS), is discussed. The prototype VITS was developed to demonstrate the feasibility of using simulation to aid in the planning and design process on a regional or statewide level. VITS simulates the movements of trucks, trains, barges, and ships on the transportation network as well as the transference of freight between the different modes. In this paper is a presentation of the process of building the VITS prototype, the results, and the identification of improvements to the methodology. Also addressed are some of the important issues that allow the building of a practical intermodal freight transportation simulation model using the state of Mississippi as an example. Figure 1 shows a screenshot of the prototype VITS animation, and Figure 2 illustrates the major components of VITS.
FEATURES OF VITS
VITS contains elements of both macroscopic and microscopic simulation. The statewide transportation network portion forms the macroscopic portion, while terminals and ports form the microscopic portion. Entity speed on the transportation network, for example, is calculated based on the macroscopic parameters of flow rate and capacity, while the throughput of the port, in regard to containers processed, is dependent on the arrival times of individual vehicles and crane processing time, among other microscopic, discrete-event activities. Detailed submodels of the facilities can be added into the locations in VITS and thus expand its capability as specific studies on them are conducted. capable of handling both macroscopic and microscopic elements that are required for the simulation.
Virtual Simulation of Statewide Intermodal Freight Traffic

VITS MODEL DEVELOPMENT Simulation Origin-Destination Data Preparation
The process of deriving reasonably accurate data necessary for transportation planning is not trivial. The data that drive the VITS simulation are partially based on the origin-destination (O-D) data from the Intermodal Freight Transportation Planning Using Commodity Flow Data study conducted at the National Center for Intermodal Transportation (NCIT; 12). However, the VITS simulation model can also accept O-D data derived from other techniques.
This prototype covers the flows within the state of Mississippi as an example, but it can be configured for other states and regions. The following list provides the flow components and the O-D locations used in this example:
• For coming-into traffic, trips that originate in other states and end in Mississippi, the arrival locations are boundary locations on the Mississippi state border. The centroids defined for the simulation (within the simulation traffic zones) are the destinations.
• For going-out traffic, trips that originate in Mississippi and end in other states, the destination locations are the boundary locations on the Mississippi state border, and the centroids are the origin points.
• For within traffic, trips that originate and end in Mississippi, the centroids for different zones represent both the O-D locations.
• For through-traffic, trips that go through the state with both the origin and destinations in other states, the boundary locations on the Transportation planners often need to justify transportationrelated investments to public officials. The VITS has powerful visualization capabilities that complement data generated by analysis of freight transportation scenarios.
The VITS prototype was developed with ProModel, by ProModel Corporation (11) . ProModel was selected because it is a flexible, general-purpose discrete-event simulation language and simulator that can be user coded to develop specific functions and capabilities required in statewide freight transportation simulation models. It is 
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Mississippi state border represent both the arrival and destination locations.
In the example, the traffic analysis zones are aggregated from the 82 counties in Mississippi based on the population densities. The authors assigned the traffic flow between the 82 counties in MissisTan, Bowden, and Zhang 55
sippi and the other 47 lower states (remote locations) to the 11 traffic zones in the simulation model. Figure 3 shows the grouping of boundary points into 10 groups numbered 12 to 21 (numbers 1 to 11 are used for the centroids of the 11 traffic zones). The grouping is necessary to reduce the complexity of the simulation O-D derivation process: more points would result in a much larger O-D matrix.
On the basis of the truck O-D from the NCIT study (12) , critical link analysis in TransCAD was used to transfer the remote O-Ds (such as California) to the boundary points around Mississippi. That is needed because the example simulation transportation network does not span outside the state boundary.
For rail movements, the production and attraction points are determined based on the rail network and major rail-served intermodal facilities as identified by Mississippi's Multiplan study (13) . However, because most railroads are privately owned and operated, the attraction and production percentage for different O-Ds are approximated on the basis of the capacity of each rail-served intermodal facility.
For water movements, all 17 ports active in the state are identified in the network. The percentage of tonnage handled in each port is identified on the basis of the Comprehensive Assessment of the Ports of Mississippi (14) . The total tonnage transported in the state from the commodity flow survey (CFS) data analysis, along with the results from the Multiplan study, is used to determine the waterway O-D.
The resulting O-D matrix for each mode is then stored in an Excel spreadsheet, which initializes the simulation model. The accuracy of VITS is directly proportional to the accuracy of the data provided.
Building the Simulation Model Transportation Network
With path networks in ProModel, it is relatively straightforward to simulate entities moving in both directions, passing, and speeding up and slowing down on the network. This network covers all Interstate highways, all U.S. highways, and key state highways, and it includes all routes of the National Highway System in Mississippi. Also included are active railroads (including both Class I and regional short lines) as well as the Mississippi River, Tennessee-Tombigbee waterway, and the Gulf Coast waterway (see Figure 4) .
Intersections between links, which are often major towns or cities, are modeled as ProModel locations where speed calculations are made and various statistics are collected. Key locations that include major cities and ports along the waterways are also connected to the transportation network.
Vehicle Characteristics
The simulation model requires input of vehicle parameters to handle the movement and keep track of the tonnage carried. The vehicle characteristics can be modified by the user by way of the Excel spreadsheet interface to reflect their region of study better, if necessary. (16 ) , to create a generalized truck entity. However, users can set the truck parameters as desired. Typical weight limits (legal, not physical) were examined on the basis of figures obtained from Muller's Intermodal Freight Transportation (17) . Speeds of the trucks are governed by speed limits and congestion. For ships and barges, Intermodal Freight Transportation was used to determine the capacities and typical speeds of the barges and ships. For rail, the capacity estimates used in the simulation model were chosen with consultation with a local short-line rail company. Statistics from the Association of American Railroads were also referenced. 
Arrivals and Truck Traffic Pattern
All the freight entity arrivals for the different modes are modeled as Poisson processes. Because actual truck traffic is not spread out evenly over a day, the simulation model varies the truck traffic generation depending on whether the time of the day is nighttime or daytime by adjusting the mean time between arrivals (TBA) of trucks into the network. The authors define the beginning of the day to be 7 a.m. and the daytime period from 7 a.m. to 5 p.m. (10 h) as default values. Nighttime, therefore, starts after 5 p.m. and continues until 7 a.m. the next day. In the example, it is assumed that the majority of the truck traffic occurs during the 10-h daytime period. However, the user can define the beginning of the day, the duration of the daytime hours, and the percentage of traffic during that period. The following section will explain how the truck traffic is varied in the model. The data preparation step provided the TBA for the trucks over a period of 24 h, which is denoted as TBA 24 . TBA dt and TBA nt denote the mean time between arrivals of trucks for daytime and nighttime hours, respectively. The following are the derivations for Equations 1 and 2 that describe the relationship of TBA 24 with TBA dt and TBA nt .
One can let t = 24 h, t 1 = daytime hours, t 2 = nighttime hours, TBA 24 = TBA for 24 h, TBA dt = TBA for daytime, TBA nt = TBA for nighttime, and C = ratio of trucks during daytime over nighttime.
The following is obtained: This expression can be written as where Using Equations 1 and 2, as well as the parameters (β and γ) in ProModel, the simulation toggles between each time period during the length of the simulation run. The result is a more realistic reflection of reality than would be provided by spreading the truck traffic out evenly throughout the day. These sets of equations hold true only for cases involving two periods of "daytime" and "nighttime."
Routing of Entities
For the VITS prototype version, routing is done using shortest path based on distance and highway classification. Highways with high classification are preferred in the routing process. The routing instructions are predefined for each O-D pair and can be altered via a spreadsheet interface.
Transfers at Locations
The VITS prototype provides varying levels of detail for modeling locations that process freight transfers. For example, the amount of time it takes to transfer freight from one mode to another can be modeled as a constant time, random variable (statistical distribution), or by a detailed submodel (see Figure 5 for an example) that simulates the use of cranes and all other necessary resources to transfer the freight between the different modes of transportation.
Speed Calculation
Highway entities (trucks) in the simulation model carry a speed attribute that governs their speed on any particular link in response to congestion. To achieve this functionality in ProModel, the BPR equation In this study, the values of 0.45 and 7.5, respectively, were used for α and β, to reflect the more current body of research (18) .
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Free-flow travel time is based on the free-flow speed for the particular link, and the capacity of each link is determined using the values in the Highway Capacity Manual (19). While the data derived from the CFS database pertain to trucks, the capacities on the highways are expressed in passenger cars. An equivalent factor of 1 truck to 2.5 passenger cars was chosen after an examination of Mississippi terrain and highway characteristics. With the use of the BPR equation, the phenomena of traffic slowing down on highway links around and through major cities and of traffic speeding up on less congested rural highway links are evident in the VITS animations and output statistics.
Another issue concerns passenger car traffic on the simulation network. Because this study is focused on freight traffic, passenger car traffic is estimated as a ratio of truck to passenger cars on different classes of highways. These estimates assume that the majority of nontruck traffic can be treated as passenger car traffic, and that the values can be easily adjusted in the model. It is feasible to include actual ground counts or predicted volume of passenger cars as background traffic in future versions of the VITS.
Simulation Animation and Graphics
Animation for indicating commodity type, movements, and congestions is done via several customized graphics for the truck entities. Threshold levels, expressed as a percentage of free-flow speed, are used to determine when these entities change colors to reflect that they are traveling at various speeds. The color codes used for the truck entity are as follows (see Figure 6 for an example):
• Green in the computer animation (represented in white in Figure 6 ): noncongested, close to or at free-flow speed;
• Yellow in the computer animation (represented in gray in Graphics were also designed for the VITS, such as barges, ships, and trains, as well as different orientation to reflect directional flow. Because of the macroscopic nature of the simulated traffic flow, individual truck entities flowing through the network represent more than a single truck, and the user can change the number of actual trucks a single entity represents. Figure 1 shows a screenshot of the VITS' animation of barge, ship, train, and truck traffic.
Performance Measures
In this section the performance measures implemented in the prototype VITS are discussed. The performance measure implemented will be directly related to the macroscopic flow parameters such as service volume, capacity, and saturation flow rate (20) . Additional Tan, Bowden, and Zhang 59 measures can always be programmed into future VITS versions, such as safety, environmental, mobility, and others.
Link Average Speed and Congestion
Average speed and congestion measure are selected to describe the operating condition of the link. Severe congestion on a link is shown by red trucks when the model is running. The average congestion value for a link denotes the percentage of time the link is congested. The statistics for these travel speed and congestion variables for the links can be obtained from the standard ProModel output report at the end of the simulation run. Figure 7 shows a plot of a highway link's traveling speed and congestion during a simulation run.
Fuel Efficiency
One consideration in the selection of modes is fuel efficiency, which is also closely related to vehicle emissions. Modes such as water may be slower in transit compared with trucks, but concepts such as "warehouse-in-transit" (for which constant and reliable deliveries are required) make water a good mode choice (21) . To see the effects of mode choice on fuel efficiency during a simulation, one calculates the ton miles of each mode as well as the gallons consumed per mode. With this information, the ton miles per gallon (TMPG) for the entire system can be calculated to show the impact of changes to the system. This calculation is updated each time the speed calculation is initiated; thus, the updates are done every speed update time interval. The gallons consumed are derived from the average fuel efficiency of a particular mode with rail, highway, and waterway modes averaging 202.0, 59.2, and 514.0 TMPG, respectively (22) . However, more detailed calculations of TMPG are planned for future VITS versions. System ton miles are calculated as follows:
where TM tot is the total ton miles transported by the three modes and G tot is the total gallons consumed by the three modes. This value may increase or decrease as the simulation model is running, responding to chances in the mix of modes and their distance traveled during the simulation run.
Zone Utilization of Highways
Utilization of highways in the 11 simulation travel analysis zones is calculated by first totaling the capacities of the highways included in each zone, followed by the calculation of the ratio of total truck flow in the zone over the total capacity, as shown in Equation 5 .
where i equals zone 1, 2, 3, . . . , 11. The utilization of highways can be related to levels of service of the highway segments. 
SIMULATING FREIGHT SCENARIOS
Several scenarios are used to illustrate the utility of the VITS. The first, or base, scenario is driven by the 1997 freight volume data from the NCIT study (12) introduced earlier in this paper. In the second scenario, the freight traffic for all modes, including background passenger traffic, was doubled (to represent future demand), and the third scenario is similar to the second, except that some freight is handled by intermodal shipments. A fourth scenario was created in response to the simulated results from the third scenario. Figure 2 illustrates the process of using the VITS to evaluate different scenarios. The details of entering the input to VITS for the O-D data, vehicle settings, model settings, and network settings using the Excel spreadsheet interface are in the NCIT study's final report (12) . For each scenario, the simulation model ran for 60 simulated days. Figure 8 presents the links and the direction of freight flow (highlighted by bold lines) that are of particular interest in the scenarios. The boxes next to the highlighted links contain the link names and codes for reference.
Scenario 1. Base Condition and Simulation Validation
The validity of the results produced by VITS simulations of transportation systems is dependent on the accuracy of the input data supplied to the VITS. With the same O-D and network structure, the authors compared the VITS simulated truck ground counts for 30 randomly chosen locations within Mississippi with the average daily truck ground counts from TransCAD. The total number of simulated trucks moving through the 30 locations was within 0.66% of TransCAD truck counts. That result indicates that the VITS reasonably simulates network flow.
Our demonstration of the VITS begins with Scenario 1, which represents the current (base) conditions of the land and water modes Table 1 ).
Scenario 2. Future 100% Increase in Overall Tonnage Transported
In Scenario 2, a 100% increase in overall traffic was used as the future condition. It also assumes that the transportation infrastructure remains identical to the base scenario and that vehicle characteristics and their route choices remain constant. The average traveling speed on link R1 is now 47 mph (Scenario 2 column in Table 1 ), and it is congested nearly 40% of the time. One can see how the congestion varies over time through the plot that is dynamically generated while the simulation is running (Scenario 2 in Figure 7 ). This is an important aspect in transportation planning, because the simple truck traffic average over a 24-h period excludes how traffic fluctuates over time.
Scenario 3. Future 100% Increase in Overall Tonnage Transported with Intermodal Shifts
Scenario 3 is similar to Scenario 2, except that a portion of the freight normally arriving into the state by trucks through Location 1 and traveling by highway to Location 12 is changed to arrive on barges through Location 1 and travels down to Location 29 (Vicksburg) via the Mississippi River (see Figure 8) . Assumed, for the sake of discussion, is that the trucks are carrying a general commodity for Location 12, and that the Mississippi River and the port at Vicksburg have sufficient capacity to handle the influx of barges. After trucks are loaded with freight from the barges, the journey is then resumed from Location 29 to Location 7. From Location 7, they travel to the final destination at Location 12. In comparing this scenario with Scenario 2, one sees that there is an increase in the system TMPG from 60.38 to 66.80 (Table 1) . This is an increase of 10.63%, which is a significant difference, considering the limited intermodal use in this scenario.
Scenario 4. Future 100% Increase in Overall Tonnage Transported with Intermodal Shifts and Capacity Expansion on Selected Highway Links
In looking at the average traveling speed and congestion for the highway links from Table 1 for Scenario 3, one can see that traffic is taken from highways designated R1, R2, R3, R4, R146, R5, and R6 in comparison with the previous scenario. While this significantly reduces the congestion on Interstate 55 north of the city of Jackson (notice that R1 is no longer congested), the unloading of the barges onto truck at Vicksburg (Location 29) creates a huge traffic bottleneck for trucks moving from Vicksburg to Jackson. The result is frequent gridlock on that link (R7.2), with an average speed of 35 mph (Table 1 ) and congestion nearly half the time.
When it was realized that link R7.2 was too heavily congested, Scenario 4 was defined by doubling the capacity of link R7.2 while all other input variables were set to the same values used in Scenario 3. While the average traveling speed increases from 35 mph to 60 mph on this link (see Table 1 and Figure 7) , some other strategy or combinations of strategies should be applied to further improve the traffic flow on this link, since there are instances where the traveling speed is significantly below the free-flow speed.
The TMPG is 66.72 for Scenario 4, which translates to a 10.5% increase over that of Scenario 2. Notice that the system TMPG is slightly lower for Scenario 4 than for Scenario 3 ( Table 1 ). This result can be attributed to the lowering of congestion on the critical linkin this case R7.2-thus allowing more truck movement on that link in Scenario 4. With the increase in truck flow, the result for truck mode ton miles is now slightly higher. Because the system TMPG is calculated by taking the total ton miles for the water, rail, and highway modes and dividing that by the total gallons consumed, the result is a slightly lower system TMPG value. Figure 6 shows close-up screenshots of the VITS animations for the four scenarios. The screenshots show the traffic activity in the area surrounding Jackson for the four scenarios. Link R7.2 between Vicksburg and Jackson in Scenario 1 is not congested (mainly white trucks), while in the second scenario there are gray and black trucks on that link, indicating congestion. In the third scenario, Link R7.2 became severely congested as indicated by black trucks during the simulation. This link is finally relieved in Scenario 4 with mainly white trucks in the simulation (not congested).
Although these scenarios are relatively straightforward, they are examples of how the VITS can bring attention to the results of intermodal policy changes. The simulation successfully demonstrated the effect of changes to the traffic flow by intermodal transportation strategies that may not always be obvious or trivial.
ONGOING AND FUTURE IMPROVEMENTS
The prototype VITS model is now undergoing its second phase of development, in which the codes are being improved to facilitate modeling of other state networks. Also in the works is the building of detailed port simulation models into the VITS framework.
Another important concurrent project is the NCIT-sponsored research on developing a set of systematic performance measures for evaluating intermodal transportation systems. It is essential that a user-oriented set of performance measures, designed with a systemwide perspective, be applied to planning future intermodal systems. Doing so will further strengthen the utility of the simulation model for evaluating and planning statewide intermodal transportation systems.
CONCLUSIONS
The interactions between different modes in a transportation system, especially on a statewide level, are often overlooked due to lack of effective tools. They are problems that can limit effective planning and thus make suboptimal use of limited resources. In a time of budget restrictions and physical limitations, better tools are needed to support planning and design to ensure that economic growth can be maintained via an efficient transportation network.
The VITS prototype shows that a statewide intermodal freight transportation simulation model is a viable tool and can be used to examine the "big picture," instead of the usual narrow, modespecific analyses. The VITS prototype can model the freight flow movements through, in, and out of the network; simulate and animate mode changes at terminals; and evaluate the effectiveness of different modes and different routes of movements. It can serve both as a decision-support tool to planning agencies such as state departments of transportation and as an education and research tool. The capability of observing the pattern and flow of traffic over time with powerful animations provides new dimensions to the transportation problems not seen previously with traditional tools. Such a capability can help in generating creative intermodal solutions to prepare stakeholders for future freight transportation challenges.
